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(57) ABSTRACT

An embodiment of the imvention 1s a focusing magnet
including a coil pair arranged on both sides of a path of a
charged particle beam. The coil pair generates an eflective
magnetic field region 1 which a magnetic field 1s oriented
in a direction (z-axis) perpendicular to a traveling direction
(x-axis) of a charged particle beam. In an xy-plane, an
incident charged particle beam deflected at a deflection

angle ¢ with respect to the x-axis at a detlection point Q 1s
deflected by the eflective magnetic field region, and irradi-
ates an 1socenter at an 1rradiation angle 0 with respect to the

X-axis; an arbitrary point P2 on a boundary on an exit side
of the eflective magnetic field region 1s at an equal distance
r, from the 1socenter; a pomnt Pl on a boundary on an
incident side of the eflective magnetic field region and the
point P2 are on a radius r, and an arc of a central angle (0+¢);
and when a distance between the detlection point () and the
1socenter 1s L, a distance R between the detlection point @
and the point P1 satisfies a relational equation (4).

11 Claims, 13 Drawing Sheets
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FOCUSING MAGNET AND CHARGED
PARTICLE IRRADIATION APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATION

This Application claims priorities of Japanese patent
applications No. 2018-073303, filed on Apr. 5, 2018 and No.

2018-125797, filed on Jul. 2, 2018. The content of these

Japanese patent applications 1s incorporated herein by ret-
erence.

FIELD OF THE INVENTION

The present invention relates to a focusing magnet and a
charged particle 1rradiation apparatus using a focusing mag-
net.

BACKGROUND OF THE INVENTION

In conventional particle therapy, a charged particle beam
accelerated to carry high energy irradiates a malignant tumor
such as cancer to treat the tumor.

When a charged particle beam irradiates an object, energy
(dose) 1s applied on the object along a charged particle beam
path inside the object. When the dose 1s applied intensively
on a limited area (target) inside the object, the charged
particle beam 1s 1irradiated from various directions so that the
charged particle beam overlaps with the target. This
increases the dose concentration.

In the field of particle therapy, generally, a charged
particle beam 1s irradiated from multiple directions to apply
more dose to the target in the body, while suppressing
exposure ol normal tissues. Japanese Patent Laid-Open No.
2002-113118 discloses an apparatus for irradiating a charged
particle beam from multiple directions to a target, in which
multiple fixed 1rradiation ports are provided in a treatment
room, and a device that varies the property of the charged
particle beam 1s shared among the multiple fixed 1rradiation
ports. Japanese Patent Laid-Open No. 60-20439 discloses an
apparatus that irradiates a charged particle beam coming out
from a single fixed 1rradiation port to a target from multiple
directions, by rotating the target. Japanese Patent No.
2836446 discloses a rotary 1rradiation apparatus that rotates
an entire charged particle beam transport device.

In the apparatus described 1n Japanese Patent Laid-Open
No. 2002-113118, the number of directions 1n which the
charged particle beam irradiates the target 1s the same as the
number of the fixed 1rradiation ports. Hence, the directions
(irradiation angle) in which the charged particle beam 1rra-
diates the target are not continuous. In addition, the same
number of charged particle beam transport lines as the
number of irradiation directions 1s required, which causes a
problem of production cost and installation space. In the
apparatus described 1n Japanese Patent Laid-Open No.
60-20439, the charged particle beam 1rradiates the target
from various directions by rotating the patient. Hence, there
are problems that this 1s physical and mental burdens on the
rotating patient and that the tumor (target) tends to deform
due to the rotation. In the apparatus described in Japanese
Patent No. 2836446, although the charged particle beam can
be 1rradiated continuously to the target, a large mechamism
1s required to integrally rotate the transport line and 1rradia-
tion port of the charged particle beam. This causes a problem
of manufacturing cost and installation space of such a
mechanism.
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2
BRIEF SUMMARY OF THE INVENTION

In view of the foregoing, an embodiment of the present
invention aims to provide a focusing magnet capable of
deflecting a charged particle beam incident from a relatively
wide angle range and focusing the charged particle beam to
the 1socenter. Another embodiment of the present invention
aims to provide a charged particle irradiation apparatus
including the focusing magnet. Another embodiment of the
present invention aims to provide a charged particle irradia-
tion apparatus including the focusing magnet and an 1rra-
diation nozzle.

Embodiments of the present invention include [1] to [15]:

[1]

A focusing magnet comprising a coil pair arranged on
both sides of a path of a charged particle beam, wherein:

when a current 1s mput, the coil pair 1s configured to
generate an eflective magnetic field region 1n which a
magnetic field 1s oriented 1n a direction (z-axis) perpendicu-
lar to a traveling direction (x-axis) of a charged particle
beam, where an axis perpendicular to the x-axis and z-axis
1s assumed to be a y-axis;

in an Xy-plane,

a charged particle beam which has been deflected at a

deflection angle ¢ with respect to the x-axis at a
deflection point Q and incident on the eflective mag-

netic field region 1s deflected by the effective magnetic
field region, and 1rradiates an 1socenter at an 1rradiation
angle 0 with respect to the x-axis,

an arbitrary point P2 on a boundary on an exit side of the
charged particle beam of the eflective magnetic field
region 1s at an equal distance r, from the isocenter,

a pomnt P1 on a boundary on an incident side of the
charged particle beam of the eflective magnetic field
region and the point P2 are on a radius r, and an arc of
a central angle (0+¢), and

when a distance between the detlection point Q and the
1socenter 1s L, a distance R between the deflection point
Q and the point P1 satisfies the following relational
equation (4):

RZ\/L2+PI2—2L(r1cmsﬂ+rzsin6)

[2]

The focusing magnet according to [1], 1n which:

the focusing magnet includes two or more of the coil
pairs;

the two or more coil pairs are arranged on both sides of
a path of the charged particle beam and aligned in the y-axis
direction;

of the two or more coil pairs, a selector unit 1s connected
to a first coil pair and a second coil pair;

the selector unit 1s configured to supply current to any one
of the first coil pair and the second coil pair; and

the first coil pair and the second coil pair are configured
such that the directions of the magnetic fields 1n generated
cllective magnetic field region are opposite to each other.

[3]

focusing magnet according to [1], in which

the deflection point QQ and the 1socenter are on the x-axis.

[4]

A charged particle irradiation apparatus including:

an accelerator that generates a charged particle beam:;

a bending magnet unit that detlects the charged particle
beam from the accelerator at a deflection angle ¢ not smaller
than 10 degrees at the deflection point Q;

(4)
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the focusing magnet according to [1]; and

a power supply unit for supplying a current and exciting,
the focusing magnet.

[]

The charged particle irradiation apparatus according to [4]
turther including a vacuum duct that connects the bending
magnet unit and the focusing magnet, 1n which

the vacuum duct 1s formed into a fan shape on an
xy-plane, and 1s configured to allow passage even of the
charged particle beam deflected at the detlection angle ¢ not
smaller than 10 degrees.

[6]

The charged particle 1rradiation apparatus according to [4]
turther including a drive unit that rotates the focusing
magnet at a rotation angle w around the x-axis, 1n which

the charged particle beam irradiates the 1socenter from a
range of an arbitrary combination of the rotation angle w and
the 1rradiation angle 0.

7]

The charged particle irradiation apparatus according to
[4], 1n which

the focusing magnet 1s arranged such that the longitudinal
direction of the focusing magnet 1s tilted with respect to a
floor surface of an irradiation room in which the charged
particle irradiation apparatus 1s installed.

[3]

The charged particle irradiation apparatus according to [4]
turther including

a quadrupole magnet provided on the upstream side of the
bending magnet unit to adjust the shape of the charged
particle beam.

9]

The charged particle irradiation apparatus according to
[8], in which an exciting current of the quadrupole magnet
1s controlled for each irradiation angle 0 to adjust the shape
of the charged particle beam for each irradiation angle 0.

[10]

The charged particle irradiation apparatus according to [4]
turther including: a steering magnet umt provided on the
upstream side of the bending magnet unit; and

a beam monitor unit provided on the exit side of the
focusing magnet, 1n which

an exciting current of at least one of the bending magnet
unit, the focusing magnet, and the steering magnet unit 1s

used to perform feedback control, according to imnformation

on a position of the charged particle beam from the beam
monitor unit.

[11]

The charged particle 1rradiation apparatus according to [4]
turther including 1imaging units provided on both sides of a
target 1n the 1socenter, 1n which

the 1maging unit 1s configured to generate 1mage infor-
mation on the target before or during irradiation of the
charged particle beam on the target.

[12]

A charged particle 1irradiation apparatus including:

a focusing magnet that deflects a charged particle beam to
continuously vary an 1rradiation angle of the charged par-
ticle beam on an 1socenter; and

an 1rradiation nozzle that moves continuously along the
shape on an exit side of an effective magnetic field region of
the focusing magnet, in which

the charged particle beam exiting from the focusing
magnet 1rradiates the 1socenter through the irradiation
nozzle.

5

10

15

20

25

30

35

40

45

50

55

60

65

4

[13]

A charged particle irradiation apparatus including:

the focusing magnet according to [1]; and

an 1rradiation nozzle that moves continuously along the
shape on an exit side of an effective magnetic field region of
the focusing magnet, 1n which

the charged particle beam exiting from the focusing
magnet 1rradiates the i1socenter through the i1rradiation
nozzle.

[14]

The charged particle 1rradiation apparatus according to
[13], 1n which:

the 1rradiation nozzle includes a scanming magnet that
enables scanning of the charged particle beam within a
prescribed range, and a beam monitor that monitors the
charged particle beam; and

the charged particle irradiation apparatus further includes
a scanning controller that controls the scanning magnet to

scan the charged particle beam, on the basis of information
from the beam monitor.

[15]

The charged particle irradiation apparatus according to
[14], 1n which:

(1) the wrradiation nozzle moves on a guide rail provided
along the shape on an exit side of an effective magnetic field
region ol the focusing magnet, or

(1) the 1rradiation nozzle 1s 1nstalled on a cover forming
a part of the mner side of a wall surface of a treatment room,
and when the cover moves continuously along the shape of
the exit side of the eflective magnetic field region of the
focusing magnet, the irradiation nozzle moves continuously
along the shape on the exit side of the effective magnetic
field region of the focusing magnet.

The focusing magnet of an embodiment of the present
invention can irradiate a charged particle beam to a target 1n
a continuous direction (irradiation angle 0). The focusing
magnet can focus the charged particle beam to the target
even 1 the charged particle beam 1s incident from a rela-
tively wide angle range. By using the focusing magnet, the
burden on the patient and deformation of the target due to
moving can be prevented or suppressed, without moving the
target (patient). Additionally, in the focusing magnet, the
cllective magnetic field region 1s formed so that the 1rradia-
tion angle O at which the charged particle beam 1s focused
to the target 1s determined according to the deflection angle
¢. Hence, no enormous mechamsm 1s required to physically
move the focusing magnet, whereby the problem of produc-

tion cost and 1nstallation space can be reduced accordingly.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1a 1s a schematic configuration diagram of a focus-
ing magnet of an embodiment.

FIG. 15 1s a cross-sectional view of the focusing magnet
of the embodiment.

FIG. 2 1s a diagram for describing how an eflective
magnetic field region of the embodiment 1s formed.

FIG. 3 1s a schematic configuration diagram of a power
supply unit of the embodiment.

FIG. 4a 1s a schematic configuration diagram of a charged
particle irradiation apparatus of the embodiment.

FIG. 4b 1s a schematic configuration diagram of the
charged particle irradiation apparatus of the embodiment.

FIG. 5 1s a schematic configuration diagram of the
charged particle irradiation apparatus of the embodiment.

FIG. 6 1s a schematic configuration diagram of the
charged particle irradiation apparatus of the embodiment.

FIG. 7a 1s a schematic configuration diagram of the
charged particle irradiation apparatus of the embodiment.
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FIG. 7b 1s a schematic configuration diagram of the
charged particle irradiation apparatus of the embodiment.
FIG. 8 1s a schematic configuration diagram of the
charged particle irradiation apparatus of the embodiment.
FIG. 9 1s a schematic configuration diagram of the
charged particle irradiation apparatus of the embodiment.
FIG. 10a 1s a schematic configuration diagram of the
charged particle irradiation apparatus of the embodiment.
FIG. 105 1s a schematic configuration diagram of the
charged particle irradiation apparatus of the embodiment.
FIG. 11 1s a schematic configuration diagram of the
charged particle 1rradiation apparatus of the embodiment.
FIG. 12 1s a schematic configuration diagram of the
charged particle irradiation apparatus of the embodiment.
FIG. 13 1s a schematic diagram of a charged particle
irradiation apparatus of another embodiment.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

First Embodiment

A first embodiment of the present invention relates to a
focusing magnet 10 that detlects a charged particle beam
incident from a wide angle range, and focuses the charged
particle beam to the 1socenter.

FIG. 1a 1s a schematic configuration diagram of the
focusing magnet 10 of the embodiment. The traveling direc-
tion of the charged particle beam 1s indicated by the x-axis,
the direction of a magnetic field generated by the focusing
magnet 10 1s indicated by the z-axis, and the direction
perpendicular to the x-axis and z-axis 1s indicated by the
y-ax1s. The focusing magnet 10 i1s configured to focus the
charged particle beam 1ncident from a wide range of detlec-
tion angle with respect to the x-axis on an xy-plane, to an
1socenter O.

Here, although the 1socenter O i1s the origin of the xyz-
space and the upstream side (accelerator side) 1s regarded as
the positive direction of the x-axis in the embodiment as
shown 1n FIG. 2, the mvention 1s not limited to this. The
range ol the deflection angle ¢ 1s within the range of -90
degrees to +90 degrees (not inclusive), and the range of the
deflection angle may differ between positive (positive y-axis
direction) and negative (negative y-axis direction). That 1s,
later-mentioned effective magnetic field regions 15a, 1556
may have an asymmetrical shape on the xy-plane. For
example, the maximum deflection angle (¢=¢pmax) on the
positive side may be 45 degrees, and the maximum deflec-
tion angle (¢p=—¢max) on the negative side may be -30
degrees.

The focusing magnet 10 includes one or more coil pairs,
and the coil pair 1s arranged 1n such a manner as to generate
uniform magnetic fields (eflective magnetic field regions
15a, 155) oriented 1n a direction (z-axis direction 1n FIG. 1a)
perpendicular to the traveling direction of the charged par-
ticle beam and the widening direction of the detlection angle
¢ of the charged particle beam, and on both sides of the path
of the charged particle beam. An effective magnetic field
region generated by one coil pair of the focusing magnet 10
has a falcate shape on the xy-plane as shown 1n FIG. 14, and
details will be described later. Note that since a gap (distance
in z-axis direction) between opposite coil pairs through
which the charged particle beam passes 1s sufliciently
smaller than the widening range of the charged particle beam
on the xy-plane, the widening of the charged particle beam
in the z-axis direction will be 1gnored. The effective mag-
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6

netic field regions 15a, 156 will collectively be referred to
as an ellective magnetic field region 15.

FIG. 15 15 a cross-sectional view of the focusing magnet
10 taken along line A-A. In the embodiment, the focusing
magnet 10 preferably includes at least two sets of coil pairs
11a, 115. Magnetic poles 12a, 125 are embedded in the coils
11a, 115, respectively, and a yoke 13 1s connected to the
magnetic poles 12a, 12b. A later-mentioned power supply
unmt (FIG. 3) 1s connected to the focusing magnet 10. The
cllective magnetic field regions 15a, 156 are formed by
supplying a current (also referred to as exciting current) to
the coil pair 11aq, 115 from the power supply unit and
exciting the focusing magnet 10. Note that the range of the
cllective magnetic field region 15a may differ from (asym-
metrical to) the range of the effective magnetic field region
15b6. For example, 11 the range of the positive (positive y-axis
direction) deflection angle and the range of the negative
(negative y-axis direction) deflection angle are asymmetri-
cal, the eflective magnetic field regions 135a, 156 may also
be formed asymmetrically to reduce an unused eflective
magnetic field region.

The range of the deflection angle ¢ of the charged particle
beam detlected by a bending magnet unit 20 and incident on
the focusing magnet 10 1s a range between the positive
maximum detlection angle (p=¢pmax) and the negative maxi-
mum detlection angle (p=—¢max), where the positive maxi-
mum detlection angle max 1s an angle not smaller than 10
degrees and smaller than 90 degrees, while the negative
maximum deflection angle —¢max 1s an angle larger than
-90 degrees and not larger than —10 degrees. For example,
the positive maximum deflection angle max may be 10
degrees, 15 degrees, 20 degrees, 25 degrees, 30 degrees, 35
degrees, 40 degrees, 45 degrees, 50 degrees, 55 degrees, 60
C

legrees, 70 degrees, 80 degrees, or 85 degrees. The negative
maximum detlection angle —¢max may be, 1rrespective of
the positive maximum deflection angle ¢max, —10 degrees,

—15 degrees, —20 degrees, -25 degrees, —30 degrees, —35
degrees, —40 degrees, —-45 degrees, —50 degrees, —55
degrees, —60 degrees, —70 degrees, —80 degrees, or —85
degrees. The deflection angle ¢ and a later-mentioned 1irra-
diation angle O are angles of a charged particle beam path
with respect to the x-axis on the xy-plane.

A charged particle beam incident within the range of the
positive deflection angle (¢=larger than 0 to ¢max) 1s
deflected by the effective magnetic field region 15a of the
first coil pair 11a, and wrradiates the 1socenter O. A charged
particle beam incident within the range of the negative
deflection angle (¢=smaller than 0 to —¢pmax) 1s deflected by
the eflective magnetic field region 155 of the second coil
pair 115, and 1rradiates the 1socenter O. The directions of the
magnetic fields in the eflective magnetic field region 15 and
the effective magnetic field region 155 are opposite to each
other (positive and negative z-axis direction). Note that a
charged particle beam i1ncident on the focusing magnet 10
from the bending magnet unit 20 at the deflection angle ¢=0
passes through any one of or between the effective magnetic
field regions 15a, 155, and 1s focused to the 1socenter O.

The deflection angle ¢ of the charged particle beam
incident on the focusing magnet 10 1s controlled by the
bending magnet unit 20. The bending magnet unit 20
generates a magnetic field directed perpendicular (z-axi1s 1n
FIG. 1a) to the traveling direction (x-axis in FIG. 1a) of the
charged particle beam supplied from the accelerator (not
shown), and includes a magnet that deflects the passing
charged particle beam, and a controller (not shown) that
controls the intensity and direction of the magnetic field. The
bending magnet unit 20 controls the intensity and direction
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(z-axi1s direction) of the magnetic field to deflect the charged
particle beam on the xy-plane, and delivers the charged

particle beam detlected at the deflection angle at a detlection
point Q to the focusing magnet 10. Here, the deflection point
Q and the 1socenter O are on the x-axis.

A vacuum duct (not shown) 1s provided between the
accelerator and the bending magnet unit 20, and between the
bending magnet unit 20 and the focusing magnet 10. The
charged particle beam 1s transported through the vacuum
duct, and therefore does not attenuate largely during trans-
port.

A Tformula for forming the effective magnetic field region
15a of the focusing magnet 10 will be described with
reference to FIG. 2. Note that since detlection of the charged
partlcle beam 1n the z-axis direction 1s 1gnored, formation of
the eflective magnetic field region on the xy-plane will be
described. Although the description 1s given of the effective
magnetic field region 154 of the focusing magnet 10, the
same applies for the eflective magnetic field region 155, and
therefore the description thereol will be omutted.

First, the boundary of the eflective magnetic field region
15a on an exit side 17 of the charged particle beam of the
focusing magnet 10 1s determined so as to be within an equal
distance r, from the 1socenter O. Next, the boundary of the
ellective magnetic field region 15a on an incident side 16 of
the charged particle beam of the focusing magnet 10 1s
determined on the basis of the following relational equations
(1) to (5), so that an 1incident charged particle beam deflects
at the deflection angle 1n a virtual deflection point Q at a
predetermined distance L from the isocenter O, and 1s
focused to the 1socenter O. Here, the virtual detlection point
Q 1s a point obtained by assuming that the charged particle
beam receives a kick of the deflection angle ¢ 1 an
extremely short distance at the center of the bending magnet
unit 20.

The charged particle beam transported at the deflection
angle ¢ 1s mncident from an arbitrary point P1 on the
boundary of the eflective magnetic field region 15a on the
incident side 16, moves 1n a circular motion (central angle
(¢+0)) with a radius of curvature r, inside the etfective
magnetic field region 15q, exits from a pomnt P2 on the
boundary of the eflective magnetic field region 15a on the
exit side 17, and wrradiates the 1socenter O. That 1s, point P1
and point P2 are on aradius r, and an arc of the central angle
(9+0).

Assume an X-y coordinate system where the 1socenter O
1s the origin 1n an xXy-plane. When an angle formed by a
straight line connecting point P2 on the exit side 17 and the
isocenter O and the x-axis i1s the wrradiation angle 0, the
coordinates (X, y) of point P1 on the incident side 16, the
deflection angle ¢, and a distance R between point Q and
point P1 are obtained from the following relational equa-

tions (1) to (4):

(1)

X = r1cost + rp(sinf + sin )

y =ry sinf — rp(cos 8 — cos @) (2)
( \ ( )
b= sin! ¥ +oin-] risiné —ry cos )
= sin sin
k\/m:r%; \/Rz""r% /
(4)

R = \/Lz +rf = 2L{ricos @+ rp sinb)

Here, a magnetic field having a uniform magnetic tlux
density B 1s generated 1n the effective magnetic field region
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15a, and when a momentum (substantially dependent on
accelerator) of the charged particle beam 1s p, and the charge
1s g, the radius of curvature r, of the charged particle beam
deflected 1n the magnetic field 1s expressed by equation (35):

_ 7 (3)

By adjusting the shape and arrangement of the coil pair
11a and the magnetic pole 12a of the focusing magnet 10
and adjusting the current applied to the coil pair 11a on the
basis of the above relational equations (1) to (5), the shape
of the boundary of the eflective magnetic field region 15a
can be adjusted. That 1s, the boundary 1s determined such
that the distance between the arbitrary point P2 on the
boundary of the effective magnetic field region 15a on the
irradiation side 17 and the 1socenter O 1s the equal distance
r,, the magnetic flux density B of the eflective magnetic field
region 15q 1s adjusted to determine r, from equation (5), and
the boundary of the eflective magnetic field region 15a on
the incident side 16 1s determined such that the distance R
between the point P1 on the boundary of the effective
magnetic field region 154 on the incident side 16 and the
deflection point Q satisfies the relation of equation (4). The
maximum value of ¢ in equation (3) 1s the maximum
deflection angle ¢max. Note that although not limited to this,
the arrangement of the deflection point Q, the focusing
magnet 10, and the 1socenter O 1s preferably adjusted so that
the charged particle beam passing through the deflection
pomnt (Q may focus to the isocenter O, even 1f the charged
particle beam 1s not detlected by the focusing magnet 10
(¢=0). This simplifies the configuration of the apparatus.

The boundary of the effective magnetic field regions 154,
1556 of the focusing magnet 10 obtained 1n the above manner
1s an 1deal shape for focusing the charged particle beam to
the 1socenter O. Note, however, that even 1f there 1s devia-
tion from the 1deal shape or non-uniformity in the magnetic
field distribution in practice, the charged particle beam can
be deflected toward the 1socenter O, by previously fine-
adjusting the excitation amount (magnetic flux density B) of
the focusing magnet 10 for each detlection angle ¢, storing
the mformation in the power supply unit (not shown), and
controlling the deflection angle and the amount of current of
the focusing magnet 10 so that they work 1n an interlocked
manner. Moreover, 1f non-uniformity of the magnetic field
distribution 1s predictable, the trajectory of the charged
particle beam can be fine-adjusted by correcting the shape
and arrangement of the coil pair 11q and the magnetic pole
12a of the focusing magnet 10.

FIG. 3 1s a schematic configuration diagram of a power
supply unit 30 that supplies a current to the focusing magnet
10. The power supply unit 30 includes a selector unit 31
connected to bus bars 18a, 186 which are current supply
ends of the coil pairs 11a, 115 of the focusing magnet 10, a
power supply 32 that applies a current to the coils 11a, 115
through the selector unit 31, and an 1rradiation angle con-
troller 33 that controls the selector unit 31 and the power
supply 32.

Since a charged particle beam basically passes through
one of the coil pairs 11a, 115, the power supply unit 30 is
configured to switch the current (exciting current) supplied
to the coil pairs 11a, 115 from the power supply 32 by the
selector unit 31, and apply the current to one of the coil pairs
11a, 115 through which the charged particle beam passes.
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The selector unit 31 and the power supply 32 are con-
trolled by the irradiation angle controller 33. The 1rradiation

angle controller 33 controls the power supply 32 to control
the current applied to the coil pairs 11a, 115, and controls the
selector unit 31 to switch the coil pair 11a, 115 to which the 5
current should be applied, depending on the energy of the
charged particle beam and/or the deflection angle of the
charged particle beam by the bending magnet unit 20. Since
the irradiation angle controller 33 switches the current
applied to the coil pair 11a, 115 by the selector unit 31, there 10
are less coil pairs simultaneously connected to the power
supply 32, and inductance and resistance can be reduced by
the reduced number of coil pairs. Hence, the power supply
capacity of the power supply 32 can be reduced.

The 1rradiation angle controller 33 may perform control in 15
synchronization with the deflection direction (deflection
angle ¢) of the charged particle beam by the bending magnet
unit 20. The rradiation angle controller 33 may periodically
receive mput of information on the detlection angle ¢ of the
charged particle beam from the bending magnet unit 20, and 20
control the selector unit 31 and the power supply 32 on the
basis of the received information. Note that an energy and an
excitation amount (current value of each coil pair 11a, 115)
of a charged particle beam corresponding to a deflection
angle may be obtained beforechand, and be stored in asso- 25
ciation with the deflection angle 1n the irradiation angle
controller 33. Then, the irradiation angle controller 33 may
control the excitation amount depending on the deflection
angle ¢, by referring to the stored information.

Note that 11 the same amount of current applied to the 30
coils 11a, 115 may be applied to the coil pairs 11a, 115, that
1s, 11 the excitation amount i1s not varied among the detlec-
tion angles ¢, the coil pair 11a and coil pair 115 may be
connected in series, and a current may be applied to both coil
pairs 11a, 116 from a single power supply 32. In this case, 35
the power supply unit 30 may omit the selector unit 31.

The focusing magnet 10 of the embodiment can irradiate
the charged particle beam to the target (isocenter O) in
continuous directions (irradiation angles 0). The focusing
magnet 10 can focus the charged particle beam to the target 40
even 1 the charged particle beam 1s incident from a rela-
tively wide angle range (e.g., maximum deflection angle of
+10 degrees to smaller than 90 degrees). Use of the focusing
magnet 10 eliminates the need to move the target (patient),
whereby the burden on the patient and deformation of the 45
target due to moving can be prevented or suppressed, as
compared to the conventional techmque where the patient 1s
moved. Additionally, 1n the focusing magnet 10, the eflec-
tive magnetic field region 1s formed so that the irradiation
angle 0 at which the charged particle beam 1s focused to the 50
target 1s determined according to the deflection angle.
Hence, no enormous mechanism 1s required to physically
move the focusing magnet, whereby the problem of produc-
tion cost and 1nstallation space can be reduced accordingly.

55
Second Embodiment

A second embodiment of the present invention 1s related
to a charged particle irradiation apparatus 100 using the
focusing magnet 10 of the first embodiment. 60

FIG. 4a 1s a schematic configuration diagram of the
charged particle irradiation apparatus 100 of the embodi-
ment, and FIG. 45 1s a schematic perspective view of the
charged particle 1irradiation apparatus 100 from an accelera-
tor 40 on the upstream side to a focusing magnet 10 on the 65
downstream side. The charged particle 1rradiation apparatus
100 has the focusing magnet 10, a bending magnet unit 20,

10

a power supply unit 30, and the accelerator 40. In addition,
the charged particle irradiation apparatus 100 may also have
at least one or more components from among a beam slit unit
50, a quadrupole magnet unit 52, a steering magnet unit 54,
and a beam monitor unit 60.

The accelerator 40 1s a device that generates a charged
particle beam, such as a synchrotron, a cyclotron, or a linear
accelerator. The charged particle beam generated in the
accelerator 40 1s guided to the bending magnet unit 20,
through a vacuum duct 70 whose internal space 1s kept 1n a
vacuum state. IT the charged particle irradiation apparatus
100 has the beam slit unit 50, the quadrupole magnet unit 52,
and the steering magnet unit 54, each of the accelerator 40,
the beam slit unit 50, the quadrupole magnet unit 52, the
steering magnet unit 34, and the bending magnet unit 20 1s
connected by the vacuum duct 70.

The beam slit unit 50 includes a slit for adjusting the
shape and/or dose of the charged particle beam, and a
controller that controls the slit width. As will be described
later, the controller may adjust the beam shape and/or dose
by controlling the slit width on the basis of information from
the beam monitor unit 60.

The quadrupole magnet unit 52 includes one or more
quadrupole magnets for adjusting the shape of the charged
particle beam, and a controller that controls the current
applied to the quadrupole magnets to control the adjustment
amount ol the beam shape. As will be described later, the
controller may adjust the beam shape by controlling the
amount of current applied to the quadrupole magnets on the
basis of information from the beam monitor umt 60. For
example, the quadrupole magnet unit 52 includes at least
two quadrupole magnets including a quadrupole magnet for
adjusting the beam shape in the y-axis direction, and a
quadrupole magnet for adjusting the beam shape in the
z-ax1s direction.

The steering magnet unit 54 includes one or more mag-
nets for fine-adjusting the position of the charged particle
beam, and a controller that controls the current applied to the
magnets to control the position of the charged particle beam.
The controller may adjust the beam position by controlling
the current applied to the magnets on the basis of informa-
tion from the beam monitor unit 60.

Since the path of the charged particle beam from the
bending magnet unit 20 to the 1socenter O varies depending
on the irradiation angle 0, the optical element that the
charged particle beam receives also varies depending on the
irradiation angle 0. Hence, the shape of the charged particle
beam at the 1socenter O sometimes varies depending on the
irradiation angle 0. Against this background, the quadrupole
magnet unit 52 provided on the upstream side of the focus-
ing magnet 10 may control the current exciting the quadru-
pole magnet for each irradiation angle 0, and make adjust-
ment so that an appropriate shape of the charged particle
beam 1s formed at the 1socenter O, for example. Moreover,
the shape of the charged particle beam may be adjusted by
the beam slit unit 50. In this case too, the slit width of the
beam slit unit 50 may be controlled for each irradiation angle
0.

To maintain a high 1rradiation accuracy, the irradiation
angle 0 of the charged particle beam 1rradiating the 1socenter
O should preferably be controlled with high precision.
However, the accuracy of the wrradiation angle 0 may
decrease due to an alignment error of various units of the
charged particle irradiation apparatus 100, or error in the
magnetic field of various magnets. Accordingly, the beam
monitor unit 60 that monitors the position of the charged
particle beam may be provided on the exit side 17 of the
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focusing magnet 10. The beam monitor unit 60 may output
information on the position and shape (e.g., beam size) of
the charged particle beam to one or more components from
among the beam slit unit 50, the quadrupole magnet unit 52,
the steering magnet unit 54, the bending magnet unit 20, and
an 1rradiation angle controller 33 of the power supply unit 30
of the focusing magnet 10, so that each component may
perform feedback control.

For example, upon receipt of information from the beam
monitor unit 60, the beam slit unit 50 adjusts the shape of the
charged particle beam by controlling the slit width, the
quadrupole magnet unit 52 adjusts the shape of the charged
particle beam by controlling the exciting current applied to
the quadrupole magnet, the steering magnet unit 54 adjusts
the position of the charged particle beam by controlling the
exciting current applied to the magnet, the bending magnet
unit 20 adjusts the deflection angle ¢ of the delivered
charged particle beam by controlling the exciting current
applied to the magnet, or the 1rradiation angle controller 33
adjusts the irradiation angle 0 of the charged particle beam
irradiating the 1socenter O.

Feedback control using the beam monitor unit 60 can
turther improve accuracy in irradiation to the 1socenter O.
Note that the relationship between the information (beam
position and beam shape) to be fed back and the adjustment
amount of each of the beam slit unit 50, the quadrupole
magnet unit 52, the steering magnet unit 54, the bending
magnet unit 20, and the irradiation angle controller 33
should preferably be obtained beforehand, and be pre-stored
in each unait.

In the charged particle iwrradiation apparatus 100, a
vacuum duct 72 for transporting the charged particle beam
1s provided between the bending magnet umt 20 and the
focusing magnet 10. The vacuum duct 72 1s a fan-shaped
(xy-plane) vacuum duct that covers the range of the maxi-
mum deflection angle ¢ of the bending magnet unit 20. By
forming the vacuum duct 72 on the xy-plane into a fan
shape, the vacuum duct can be formed smaller than a
rectangular type, whereby installation space can be reduced.

The vacuum duct 72 may be a tubular vacuum duct
connected to an exit side of the bending magnet umt 20, as
shown 1n FIG. 5. This structure allows the vacuum duct to
be formed even smaller, and reduces 1nstallation space even
more. In this case, a drive mechanism (not shown) may
move the vacuum duct 72 on the xy-plane within the range
between the positive maximum deflection angle (¢max) and
the negative maximum deflection angle (-¢max), 1n asso-
ciation with the detlection angle ¢ of the bending magnet
unit 20.

FIG. 6 1s a schematic diagram showing how the charged
particle 1rradiation apparatus 100 1s used for particle therapy
on a patient. In an 1rradiation room in which the charged
particle irradiation apparatus 100 1s installed to perform the
particle therapy, the focusing magnet 10 may be arranged
such that the longitudinal direction of the focusing magnet
10 1s tilted with respect to the floor surface of the 1rradiation
room. With this, the required ceiling height for installing the
apparatus can be kept low. In this case, the traveling direc-
tion of the charged particle beam from the accelerator 40 and
the 1socenter O are not in the same straight line. Hence,
assuming that a line connecting the deflection point QQ of the
charged particle beam 1n the bending magnet unit 20 and the
1socenter O 1s an x-axis, ellective magnetic field regions 15a,
155 can be formed on the basis of the relational equations (1)
to (5) as described with reference to FIG. 2.
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Third Embodiment

A third embodiment of the present invention relates to a
charged particle irradiation apparatus 300 using a focusing
magnet 200 that includes a single coil pair 11a.

As shown 1n FIGS. 7a and 7b, the focusing magnet 200
of the embodiment includes the coil pair 11a, the magnetic
pole 12a, and the yoke 13 of the focusing magnet 10 of the
first embodiment. As compared to the focusing magnet 10 of
the first embodiment, the focusing magnet 200 can reduce
the volume of the yoke 13 forming the magnet by the
amount of the coil pair 115 and the magnetic pole 1256, so
that the weight of the focusing magnet 200 can also be
reduced.

Although not shown, as in the case of the second embodi-
ment, the charged particle irradiation apparatus 300 has a
bending magnet unit 20, a power supply unit 30, and an
accelerator 40, and also has a drive unit 220 that rotates the
focusing magnet 200 around an x-axis passing through an
1socenter . The focusing magnet 200 and the bending
magnet unit 20 are connected through a vacuum duct 240.
Additionally, although not shown, the charged particle irra-
diation apparatus 300 may also have at least one or more
components from among a beam slit unit 50, a quadrupole
magnet unit 52, a steering magnet umt 54, and a beam
monitor unmt 60.

As shown 1n FIG. 8, i the charged particle 1rradiation
apparatus 300, the charged particle beam can irradiate the
1socenter O from a range of an arbitrary solid angle (com-
bination of rotation angle co around x-axis and 1rradiation
angle 0 on xy-plane), by rotating the focusing magnet 200
around the x-axis by the drive unit 220. Thus, the charged
particle irradiation apparatus 300 enables particle therapy
with three-dimensional and multi-directional 1rradiation,
like a gamma knife structure, without moving the patient.

Fourth Embodiment

A fourth embodiment of the present invention relates to a
charged particle 1rradiation apparatus 400 1n which an 1imag-
ing unit 420 for viewing a target in the body 1s added to the
charged particle wrradiation apparatus 100 of the second
embodiment (or the charged particle irradiation apparatus
300 of the third embodiment).

As shown 1n FIG. 9, by arranging the imaging unit 420
using an X-ray or MR technique near the patient, the shape
of a target (malignant tumor) in the patient can be checked
before or during irradiation of the charged particle beam. IT
the shape of the target in the body can be checked by use of
the 1maging unit 420 before mrradiation of the charged
particle beam, the irradiated charged particle beam can be
more accurately aligned with the position of the target. Also,
the shape (shape of charged particle beam) of a previously
planned 1rradiation area can be fine-adjusted according to
the target shape changing over time, on the basis of 1image
information picked up by the imaging unit 420. Moreover,
a target may move or deform during irradiation of the
charged particle beam. In such a case too, irradiation accu-
racy can be improved by acquiring image information on the
target by use of the imaging unit 420 during irradiation of
the charged particle beam, and adjusting the shape of the
charged particle beam manually or by the feedback control
described 1n the second embodiment, on the basis of the
acquired information.

Fifth Embodiment

A charged particle 1rradiation apparatus of a fifth embodi-
ment of the present invention will be described with refer-
ence to the drawings.
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First, 1n a conventional rotary charged particle 1rradiation
apparatus described in National Publication of International
Patent Application No. 2013-305757 or Japanese Patent No.
2836446, although the 1rradiation angle to the affected area
(1socenter) can be varied continuously, the enormous beam
transport device needs to be rotated to irradiate the charged
particle beam to the 1socenter from diflerent directions.
Additionally, 1n a conventional particle therapy system pro-
vided with multiple fixed 1rradiation ports described in
Japanese Patent Laid-Open No. 2017-153910, the directions
in which the charged particle beam 1rradiates the 1socenter
are not continuous, and the same number of beam transport
lines as the number of irradiation directions 1s required.
These conventional apparatuses and systems have problems
of difliculty 1n production, manufacturing cost, difhiculty 1n
maintenance, and/or installation space.

In view of the foregoing, the embodiment provides a
charged particle 1rradiation apparatus including the focusing
magnet 10 (or 200) described in any one of the first to fourth
embodiments, and an irradiation nozzle that moves continu-
ously along an exit-side shape of an eflective magnetic field
region of the focusing magnet 10, mn which a charged
particle beam exiting from the focusing magnet 10 1rradiates
an 1socenter through the 1rradiation nozzle.

According to the charged particle irradiation apparatus of
the embodiment, the 1rradiation angle to the 1socenter can be
varted continuously, and the charged particle beam can
irradiate the 1socenter continuously from different direc-
tions, without rotating an enormous beam transport device
or providing the same number of beam transport lines as the
number of irradiation directions. This configuration can
solve the problems of the conventional apparatus and system
related to difliculty 1n production, manufacturing cost, dif-
ficulty 1n maintenance, and/or installation space.

An 1rradiation nozzle 500 of the charged particle 1rradia-
tion apparatus ol the embodiment will be described. FIG.
10a 1s an enlarged schematic diagram of the downstream
side of the charged particle 1rradiation apparatus, that 1s, a
bending magnet unit 20, the focusing magnet 10 (or 200),
and the wrradiation nozzle 500. FIG. 105 1s a schematic
diagram showing how the irradiation nozzle 500 moves
continuously along the shape (boundary shape) of an exit
side 15¢ of an eflective magnetic field region 15 (154 and
15b6) on the xy-plane.

The 1rradiation nozzle 500 1s located inside a treatment
room 550 in which therapy and the like using a charged
particle beam 1s performed, and 1s supported by a drive
section 510 that moves on a guide rail 352 provided on a
wall surface 551 in the treatment room 550. That 1s, the
irradiation nozzle 500 1s installed 1n the treatment room 550
sO as to be continuously movable on the guide rail 552.

The guide rail 352 (and wall surface 551 on which guide
rail 552 1s installed) 1s preferably provided on the xy-plane
along the shape on the exit side 15¢ of the effective magnetic
field region 15 of the focusing magnet 10. In other words,
the guide rail 552 1s installed such that the irradiation nozzle
500 driven by the drive section 510 can move continuously
along the shape on the exit side 15¢ of the effective magnetic
field region 15 of the focusing magnet 10 on the xy-plane.

Moreover, the guide rail 552 may be a cover that forms a
part of an mner side of the wall surface 5351 of the treatment
room 350. The 1rradiation nozzle 500 may be installed on the
cover, and the cover may move continuously along the shape
on the exit side 15¢ of the eflective magnetic field region 135
of the focusing magnet 10, so that the irradiation nozzle 500
moves continuously along the shape on the exit side 15¢ of
the effective magnetic field region 15 of the focusing magnet

10

15

20

25

30

35

40

45

50

55

60

65

14

10. At thus time, the 1rradiation nozzle 500 may be fixed to
the cover, or may be configured to move relative to the
cover.

The dnive section 510 includes a drive motor and a
mechanism that moves by driving of the drive motor, for
example. When the mechanism moves by being led along
the guide rail 552, the wrradiation nozzle 500 moves con-
tinuously along the shape on the exit side 15¢ of the effective
magnetic field region 15 of the focusing magnet 10.

The charged particle beam exiting from the exit side 135¢
of the eflective magnetic field region 15 of the focusing
magnet 10 travels linearly. The 1rradiation nozzle 500 should
preferably be configured such that attenuation of the charged
particle beam 1s most suppressed and adjustment of the
charged particle beam 1n the 1rradiation nozzle 500 1s made
casy, when the charged particle beam exiting from the
focusing magnet 10 1s incident on the center of an incident
aperture of the wrradiation nozzle 500. Since the 1rradiation
nozzle 500 1s moved along the shape on the exit side 15¢ of
the eflective magnetic field region 15 on the xy-plane, the
charged particle beam exiting from the effective magnetic
field region 15 can easily enter the incident aperture of the
irradiation nozzle 500, whereby attenuation of the charged
particle beam can be avoided or suppressed.

Here, 1n the charged particle 1rradiation apparatus of the
embodiment, an upstream part {from the focusing magnet 10
to the accelerator may be arranged outside the treatment
room 550. Additionally, the guide rail 552 may be provided
on the focusing magnet 10 along the shape on the exit side
15¢ of the eflective magnetic field region 15 of the focusing
magnet 10 on the xy-plane, and 1nstall the focusing magnet
10 inside the treatment room 5350.

The 1rradiation nozzle 500 includes a scanning magnet
501, a beam monitor 502, and energy conversion means 503.

The scanning magnet 501 1s a magnet for enabling
scanning within a predetermined range, by adjusting the
amount and direction of current flowing through the scan-
ning magnet 301, and thereby fine-adjusting the traveling
direction of the charged particle beam delivered from the
irradiation nozzle 500. The beam monitor 502 1s a monitor
that monitors the charged particle beam, and measures the
dose and position, tlatness of the beam. The energy conver-
sion means 503 1s configured to change the energy of the
charged particle beam and to adjust the depth to which the
charged particle beam reaches 1n the patient, and 1s a range
modulator, a scatterer, a ridge filter, a patient collimator, a
patient bolus, or an applicator, for example.

FIG. 11 1s a block diagram related to a control system 520
of the 1rradiation nozzle 500, the bending magnet unit 20,
and the focusing magnet 10. The control system 3520 has an
irradiation controller 521, a magnet controller 522, a scan-
ning controller 523, and an 1rradiation nozzle controller 524.
The 1rradiation controller 521 monitors a prescribed dose
determined 1n advance for each target of the charged particle
beam irradiation, and controls the magnet controller 522, the
scanning controller 523, and the 1irradiation nozzle controller
524. The magnet controller 522 controls the bending magnet
umt 20 and the focusing magnet 10 to adjust the deflection
angle ¢ and the 1rradiation angle 0 of the charged particle
beam. Note that the magnet controller 522 may control the
focusing magnet 10 through an 1rradiation angle controller
33 (FIG. 3). The scanming controller 523 controls the scan-
ning magnet 301 of the irradiation nozzle 500. Then, the
irradiation nozzle controller 524 controls the drive section
510 to control movement of the irradiation nozzle 500.

The 1rradiation controller 521 transmits instructions to the
magnet controller 522 and the 1rradiation nozzle controller
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524, according to a preset direction (irradiation angle 0) of
the charged particle beam to 1irradiate the aflected part
(1socenter). Upon receipt of the instruction, the magnet
controller 522 adjusts the current applied to the bending
magnet unit 20 and/or the focusing magnet 10, so that the
irradiation angle 0 of the charged particle beam exiting from
the focusing magnet 10 1s a preset irradiation angle. Addi-
tionally, upon receipt of the instruction from the 1rradiation
controller 521, the irradiation nozzle controller 524 drives
the drive section 510 so that the charged particle beam
exiting from the focusing magnet 10 passes through an
incident aperture’s center of the irradiation nozzle 500
before starting irradiation of the charged particle beam, and
continuously moves the irradiation nozzle 500 (FIG. 12).

While 1rradiating the charged particle beam to the atiected
part, the 1rradiation controller 521 may receive information
(such as position, width, and dose of charged particle beam)
from the beam monitor 502 of the irradiation nozzle 500,
determine whether the irradiation of the charged particle
beam on the aflected part i1s appropriate, and perform
teedback control. For example, when the irradiation con-
troller 521 determines, on the basis of information from the
beam momnitor 502, that the direction (1irradiation angle 0) of
the charged particle beam 1s mappropriate as compared to
the direction of the charged particle beam preset for the
aflected part, the magnet controller 522 and/or the scanning
controller 523 are controlled to fine-adjust the irradiation
angle 0, and/or the charged particle beam 1s scanned and
adjusted within a predetermined angle range from the irra-
diation angle 0. When the wrradiation controller 521 deter-
mines that the irradiation amount of the charged particle
beam 1s not appropriate as compared to a value preset for the
allected part, the wrradiation nozzle controller 524 may
control the energy conversion means 503 of the 1rradiation
nozzle 500, and adjust the 1rradiation amount of the charged
particle beam on the aflected part.

As has been described, the charged particle irradiation
apparatus of the embodiment includes: the focusing magnet
10 capable of continuously varying the irradiation angle 0 on
the aflected part; and the irradiation nozzle 500 capable of
continuously moving along the shape on the exit side 15¢ of
the effective magnetic field region 15 of the focusing magnet
10 on the xy-plane, and can irradiate the charged particle
beam to the affected part continuously from arbitrary direc-
tions. Additionally, when a conventional rotary irradiation
apparatus 1s used, the apparatus and installed facility need to
be large, which may cause problems such as difliculty in
production, manufacturing cost, difliculty 1n maintenance,
and/or 1nstallation space; however,, the charged particle
irradiation apparatus of the embodiment can solve these
problems. Moreover, 1n the conventional irradiation appa-
ratus, although a once 1nstalled 1rradiation nozzle 1s dithcult
to move, and a test period 1s required to perform {ine-
adjustment of the nozzle position 1n some cases, the charged
particle 1rradiation apparatus of the embodiment can also
solve this problem.

To maintain a high irradiation accuracy, the irradiation
angle 0 of the charged particle beam 1rradiating the affected
part (1socenter) should preferably be controlled with high
precision. However, the accuracy of the 1rradiation angle 0
may decrease 1f deviation in the trajectory of the charged
particle beam, variation in the shape of the charged particle
beam (state of charged particle beam), and the like are not
within an allowable value due to an alignment error of
various units of the charged particle 1irradiation apparatus, or
error 1n the magnetic field of various magnets. A conven-
tional apparatus (Japanese Patent Laid-Open No. 2017-
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153910) 1s configured such that an irradiation nozzle moves
to a certain transport line according to the irradiation direc-

tion (horizontal, 45 degrees, and vertical). However, 1n this
configuration, since the distance from an exit of a focusing
magnet to an 1rradiation point also changes depending on the
irradiation direction, a magnet for correcting the change 1n
distance needs to be placed separately from the irradiation
nozzle on the downstream side of the focusing magnet. The
charged particle 1irradiation apparatus of the embodiment can
solve this problem. Additionally, in the charged particle
irradiation apparatus of the embodiment, error 1n alignment
of various magnets 1n the transport system of the charged
particle beam can be absorbed (adjusted) 1n the position of
the 1rradiation nozzle 500, and therefore the commissioning
period for adjustment can be reduced.

(Another Aspect)

Another aspect relates to a charged particle 1rradiation
apparatus 600 (FIG. 13) including a focusing magnet 610
that can continuously detlect a charged particle beam on an
xz-plane perpendicular to an xy-plane, and an 1rradiation
nozzle 650 that can move continuously along an exit side-
shape of an eflective magnetic field region 620 of the
focusing magnet 610.

The charged particle irradiation apparatus 600 of the
embodiment 1s configured to continuously drive the 1rradia-
tion nozzle 650 within a horizontal plane (xz-plane).
Although there are multiple irradiation points (isocenter O)
in the embodiment, the irradiation nozzle 650 can continu-
ously move along the shape on an exit side 6235 (on the
xz-plane) of the effective magnetic field region 620 of the
focusing magnet 610. Hence, no additional magnet needs to
correct the charged particle beam between the focusing
magnet 610 and the 1rradiation nozzle 650. Moreover, since
the 1rradiation nozzle 650 can continuously move along the
shape on the exit side 6235 (on the xz-plane) of the effective
magnetic field region 620 of the focusing magnet 610, error
in alignment of various magnets can be absorbed (adjusted)
in the position of the irradiation nozzle 650, and therefore
the commissioning period can be reduced.

The dimensions, materials, shapes, and relative positions
or the like of components described 1n the above embodi-
ments are varied according to the structure or various
conditions of the apparatus to which the present invention 1s
applied. Specific terms and embodiments used in the
description are not intended for limitation, and a person
skilled 1n the art would easily arrive at use of other equiva-
lent components. The above embodiment may be modified
or varied within the gist and scope of the present invention.
Additionally, a characteristic described in relation to one
embodiment of the mnvention 1s usable 1n combination with
another embodiment, even 1if not clearly specified.

REFERENCE SIGNS LIST

10, 200 focusing magnet

11a, 115 coil pair

12a, 126 magnetic pole

13 yoke

15, 15a, 15b effective magnetic field region
15¢ exit side of eflective magnetic field region
16 incident side of charged particle beam
17 exit side of charged particle beam

18 bus bar

20 bending magnet unit

30 power supply umt

31 selector unit

32 power supply
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33 irradiation angle controller
40 accelerator

50 beam slit unit

52 quadrupole magnet unit
54 steering magnet unit

60 beam monitor unit

70, 72 vacuum duct

100, 300, 400 charged particle 1rradiation apparatus
220 drive unit

420 imaging unit

500 irradiation nozzle

510 drive section

What 1s claimed 1s:

1. A focusing magnet comprising a coil pair arranged on
both sides of a path of a charged particle beam, wherein:

when a current 1s iput, the coil pair 1s configured to

generate an elfective magnetic field region 1 which a
magnetic field 1s oriented 1 a direction (z-axis) per-
pendicular to a traveling direction (x-axis) of a charged
particle beam, where an axis perpendicular to the x-axis
and z-axis 1s assumed to be a y-axis;

in an xy-plane,

a charged particle beam which has been deflected at a
deflection angle ¢ with respect to the x-axis at a
deflection point Q and incident on the eflective
magnetic field region 1s detlected by the effective
magnetic field region, and irradiates an 1socenter at
an irradiation angle 0 with respect to the x-axis,

an arbitrary point P2 on a boundary on an exit side of
the charged particle beam of the eflective magnetic
field region 1s at an equal distance r, from the
1socentetr,

a pomnt P1 on a boundary on an incident side of the
charged particle beam of the effective magnetic field
region and the point P2 are on a radius r, and an arc
of a central angle (0+¢), and

when a distance between the detlection point QQ and the
1socenter 1s L, a distance R between the deflection
point Q and the pomnt P1 satisfies the following
relational equation (4):

RZ\/LE+PIE—ZL(rlcmsﬂ+rzsinE]) (4).

2. The focusing magnet according to claim 1, wherein:

the focusing magnet includes two or more of the coil
pairs;

the two or more coil pairs are arranged on both sides of
the path of the charged particle beam and aligned in the
y-axis direction;

of the two or more coil pairs, a selector unit 1s connected
to a first coil pair and a second coil pair;

the selector unit 1s configured to supply current to any one
of the first coil pair and the second coil pair; and

the first coil pair and the second coil pair are configured
such that the directions of the magnetic fields of
generated effective magnetic field regions are opposite
to each other.
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3. The focusing magnet according to claim 1, wherein
the deflection point QQ and the 1socenter are on the x-axis.
4. A charged particle 1rradiation apparatus comprising:
an accelerator that generates a charged particle beam:;

a bending magnet unit that detlects the charged particle
beam from the accelerator at a deflection angle ¢ not
smaller than 10 degrees at the detflection point Q;

the focusing magnet according to claim 1; and

a power supply unit for supplying a current and exciting
the focusing magnet.

5. The charged particle 1rradiation apparatus according to
claim 4 further comprising a vacuum duct that connects the
bending magnet unit and the focusing magnet, wherein

the vacuum duct 1s formed into a fan shape on an
xy-plane, and 1s configured to allow passage even of the
charged particle beam which has been deflected at the
deflection angle ¢ not smaller than 10 degrees.

6. The charged particle irradiation apparatus according to
claim 4 further comprising a drive unit that rotates the
focusing magnet at a rotation angle o around the x-axis,
wherein

the charged particle beam irradiates the 1socenter from a
range ol an arbitrary combination of the rotation angle
¢ and the irradiation angle 0.

7. The charged particle 1rradiation apparatus according to

claim 4, wherein

the focusing magnet 1s arranged such that the longitudinal
direction of the focusing magnet 1s tilted with respect to
a floor surface of an irradiation room in which the
charged particle beam irradiation apparatus 1s nstalled.

8. The charged particle 1rradiation apparatus according to
claim 4 further comprising

a quadrupole magnet provided on the upstream side of the
bending magnet unit to adjust the shape of the charged
particle beam.

9. The charged particle 1rradiation apparatus according to

claim 8, wherein

an exciting current of the quadrupole magnet 1s controlled
for each irradiation angle 0 to adjust the shape of the
charged particle beam for each 1rradiation angle 0.

10. The charged particle irradiation apparatus according
to claam 4 further comprising:

a steering magnet unit provided on the upstream side of

the bending magnet unit; and

a beam monitor unit provided on the downstream side of
the focusing magnet, wherein

an exciting current of at least one of the bending magnet
unit, the focusing magnet, and the steering magnet unit
1s used to perform feedback control, according to
information on a position of the charged particle beam
from the beam monitor unit.

11. The charged particle 1rradiation apparatus according to

claim 4 further comprising 1maging units provided on both
sides of a target 1n the 1socenter, wherein

the 1maging unit 1s configured to generate 1image infor-

mation on the target before or during irradiation of the
charged particle beam on the target.

¥ ¥ H ¥ H



	Front Page
	Drawings
	Specification
	Claims

